Introduction
============

Alzheimer disease (AD)[^2^](#FN2){ref-type="fn"} is a progressive and devastating neurodegenerative brain disorder from which over 37 million people are suffering worldwide ([@B1]) with an estimated cost of \$600 billion in 2010 ([@B2]). The risk of developing AD correlates strongly with aging; therefore, AD is becoming an increasing socio-economic crisis as life expectancy increases. Despite this, there is no current therapy that can halt or reverse AD ([@B3]).

The key event driving AD pathogenesis is the accumulation of the 40--43-residue amyloid-β (Aβ) peptides in the brain ([@B4]). The peptides, particularly Aβ(1--42), are aggregation-prone, self-assembling to form a heterogeneous mixture of soluble oligomers, protofibrils, and fibrils. Soluble Aβ oligomers are found at elevated concentrations in AD brains, where their levels correlate strongly with AD onset and severity and are therefore proposed to be the major neurotoxic species in AD ([@B5]--[@B7]). Natural Aβ oligomers isolated from AD brains and cerebrospinal fluid, along with synthetic preparations and oligomers secreted by cultured cells, bind specifically to hippocampal neurons. Consequent deleterious effects include neurotoxicity, memory impairments, inhibition of long term potentiation, loss of dendritic spines, and synaptic dysfunction ([@B7]--[@B10]). The cellular mechanisms of Aβ oligomer-mediated neurotoxicity are, however, poorly defined.

Recently, the cellular prion protein (PrP^C^) was identified as a high affinity receptor for Aβ oligomers ([@B11]). PrP^C^ is a glycosylphosphatidylinositol (GPI) anchored, cell surface glycoprotein that undergoes a conformational conversion to an infectious, protease-resistant form (PrP^Sc^) in prion disorders such as Creutzfeldt-Jakob disease ([@B12]). PrP^C^ is, however, neuroprotective and plays important roles in neuronal oxidative stress defense and metal ion homeostasis in the brain ([@B13]). Aβ oligomers, but not monomers or fibrils, bound tightly to PrP^C^ (*K~d~* ≈0.4 n[m]{.smallcaps}) ([@B11], [@B14]), and the presence of PrP^C^ in hippocampal slices was shown to be responsible for the Aβ oligomer-mediated inhibition of long term potentiation ([@B11]). PrP^C^ was also required for the manifestation of memory impairments in an AD mouse model ([@B10]), which were reversed by intracerebral infusion of an anti-PrP^C^ monoclonal antibody ([@B15]). Critically, immuno-targeting of PrP^C^ was shown to block completely the long term potentiation impairments caused by Aβ oligomers derived from human AD brain extracts ([@B16], [@B17]). Although the binding of Aβ oligomers to PrP^C^ has been confirmed by several groups ([@B14], [@B18]--[@B21]), whether PrP^C^ mediates the downstream Aβ oligomer neurotoxicity remains controversial ([@B19], [@B20], [@B22]).

Aβ is cleaved out of the amyloid precursor protein (APP) through the sequential action of the β-secretase BACE1 (β-site APP-cleaving enzyme-1) and the presenilin-containing γ-secretase complex ([@B23]). In the alternative nonamyloidogenic pathway, APP is first cleaved by the α-secretase, members of the ADAM ([a]{.ul} [d]{.ul}isintegrin [a]{.ul}nd [m]{.ul}etalloprotease) family of zinc metalloproteases, within the Aβ sequence thus precluding production of intact Aβ peptides. In both cell and animal models, PrP^C^ lowered Aβ production through the inhibition of BACE1, the rate-limiting enzyme in the generation of Aβ from APP ([@B24], [@B25]). On the basis of these data, we have previously proposed a model in which a normal function of PrP^C^ is to maintain a low level of Aβ through the inhibition of BACE1 ([@B26]).

Several different Aβ oligomers have been isolated from natural sources, such as AD brain extracts and cerebrospinal fluid, and also prepared synthetically from lyophilized peptide ([@B27]). These oligomers range in size from low *n* dimers and trimers to high molecular mass assemblies of over 1 MDa. Because of the heterogeneity in size and morphology of Aβ oligomers, the identification of the precise assemblies responsible for neurotoxicity in AD has proven difficult. The classification of oligomers according to their structural conformation can be considered a more biologically relevant parameter than size, as this provides information about the surface epitopes that may be important for binding to neuronal receptors ([@B28]). A panel of conformation-specific antibodies, generated by Glabe ([@B28]), indicates that oligomers can be classified into three categories based on the presentation of one of three mutually exclusive structural epitopes. The OC antibody recognizes the so-called fibrillar oligomers, which share a common structural epitope with fibrils, and may represent small fibril protofilaments ([@B29]). The A11 antibody recognizes pre-fibrillar oligomers that are early kinetic intermediates ([@B30]), and the α-annular protofibril antibody recognizes annular protofibrils or ring-shaped, pore-like oligomers ([@B31]). Of these three types of Aβ oligomers, only the fibrillar (OC-positive) oligomers were elevated significantly in human AD brain extracts and correlated with the onset and severity of AD ([@B32]).

The aim of this study was to determine whether PrP^C^ mediates the neuronal binding and toxicity of soluble, fibrillar OC-positive Aβ oligomers, which correlate with neuropathology in the AD brain, and to investigate the molecular and cellular mechanisms involved. We report that soluble, fibrillar OC-positive Aβ oligomers bind preferentially to, and display selective toxicity toward, cells and neurons expressing PrP^C^. Disruption of lipid rafts through depletion of cholesterol reduces binding of the Aβ oligomers to the cells and blocks the downstream activation of a member of the Src family kinases (SFK), Fyn kinase. Aβ oligomers stimulate the endocytosis of cell surface PrP^C^ in a mechanism dependent on the transmembrane low density lipoprotein receptor-related protein-1 (LRP1). LRP1 is also critical for the Aβ oligomer-mediated cytotoxicity. In addition, we show that the Aβ oligomers impair the PrP^C^-mediated inhibition of BACE1, thus increasing the amyloidogenic processing of APP. Finally, using the polyphenolic compounds (−)-epigallocatechin gallate (EGCG) and resveratrol, which are known to remodel the conformation of Aβ oligomers ([@B33]--[@B35]), we show that conformation is a critical determinant of the binding of fibrillar Aβ oligomers to PrP^C^.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Antibodies

SAF32 (anti-PrP N terminus) was from Cayman Chemical (Ann Arbor, MI); 6E10 (anti-Aβ(1--16)) and 3F4 (anti-PrP with the 3F4 epitope M108/M111) were purchased from Cambridge Bioscience Ltd. (Cambridge, UK); 6H4 (anti-PrP C terminus) was from Prionics AG (Switzerland); 22C11 (anti-APP) and anti-MAP2 were purchased from Millipore UK Ltd. (Livingston, UK); AC15 (anti-β-actin) was from Abcam (Cambridge, UK); anti-EEA1, anti-cleaved caspase-3 and anti-phospho-Src family kinase (Tyr-416) were from Cell Signaling Technology, Inc. (Danvers, MA); anti-cathepsin D was from Upstate Cell Signaling Solutions (Lake Placid, NY); anti-transferrin receptor was sourced from Invitrogen; anti-flotillin-1 was from BD Biosciences; and anti-LRP1 (N20) was from Santa Cruz Biotechnology. The conformation-specific antibodies OC and A11 were kind gifts from C. Glabe (University of California), and 1A9 (anti-sAPPβ) was provided by I. Hussain (GlaxoSmithKline, Harlow, UK). The fluorescently labeled secondary antibodies donkey anti-mouse and anti-goat AlexaFluor® 488 and 594 were from Molecular Probes, Inc. (Eugene, OR). Fluorescein isothiocyanate (FITC)- and Texas Red-conjugated streptavidin and goat anti-rabbit Cy5-IgG were purchased from Invitrogen.

#### Cell Lines and Culture

SH-SY5Y human neuroblastoma cells stably transfected with either empty pIRES*neo* (BD Biosciences) or expressing murine PrP^C^ containing the 3F4 epitope tag (human M108/M111) were prepared as described previously ([@B36]). In the pIRES vector the cDNA encoding PrP^C^ and the antibiotic resistance gene are translated from a single mRNA transcript, such that expression of the antibiotic resistance gene in the absence of PrP^C^ does not occur ([@B37]). Therefore, all cells that survive the selection process express PrP^C^, which was confirmed by immunofluorescence microscopy with anti-PrP^C^ antibodies. Cells were routinely cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% (v/v) fetal bovine serum (FBS). NB7 human neuroblastoma cells were cultured in RPMI 1640 medium (Sigma) supplemented with 10% (v/v) FBS. Cells were maintained in a humidified incubator at 37 °C in a 5% CO~2~, 95% air atmosphere.

#### Preparation of Rat Primary Hippocampal Neurons

The hippocampi of 6--8-day-old Wistar rats were removed as described previously ([@B38]). Brain tissue was removed and incubated with 0.25 μg/ml trypsin for 15 min at 37 °C in phosphate-buffered saline (PBS). Trypsin digestion was terminated by the addition of equal amounts of PBS, supplemented with 16 μg/ml soybean trypsin inhibitor (type I-S; Sigma), 0.5 μg/ml DNase I (type II from bovine pancreas; 125 kilounits/ml; Sigma), and 1.5 m[m]{.smallcaps} MgSO~4~. The tissue was then pelleted by centrifugation at 3000 × *g* for 5 min, resuspended in 2 ml of PBS with 100 μg/ml soybean trypsin inhibitor, 0.5 μg/ml DNase I, and 1.5 m[m]{.smallcaps} MgSO~4~, triturated gently, and then centrifuged at 3000 × *g* for 5 min to pellet the hippocampal neurons. The pellet was resuspended in 5 ml of minimal Earle\'s medium supplemented with 10% (v/v) FBS, 13 m[m]{.smallcaps} glucose, 50 IU/ml penicillin, and 50 μg/ml streptomycin and added to poly-[l]{.smallcaps}-lysine (1.5 mg/ml)-coated coverslips (0.5 ml/well for 24-well plates). After 24 h, the medium was topped up to 1 ml. After a further 24 h, the culture medium was replaced with one containing 10% (v/v) heat-inactivated horse serum and 80 μ[m]{.smallcaps} fluorodeoxyuridine to prevent proliferation of non-neuronal cells. After a further 24 h, the medium was replaced with serum-free Neurobasal medium, supplemented with 2% (v/v) B27, 50 IU/ml penicillin, 50 μg/ml streptomycin, 80 μ[m]{.smallcaps} fluorodeoxyuridine, 25 m[m]{.smallcaps} glutamic acid, and 0.5 m[m]{.smallcaps} glutamine. All experiments were conducted on cells after 5--7 days in culture.

#### Aβ Oligomer Preparation

Synthetic biotin-Aβ(1--42) containing a 6-carbon linker between the biotin moiety and the N terminus of Aβ was purchased from AnaSpec (San Jose, CA). Aβ oligomers were prepared essentially as described previously ([@B11], [@B39]). Briefly, Aβ peptide was dissolved in 1,1,1,3,3,3,-hexafluoropropan-2-ol to break down any aggregated material, dried under a stream of N~2~ gas, and stored at −80 °C. Peptide films of biotin-Aβ(1--42) were dissolved in dimethyl sulfoxide to 1 m[m]{.smallcaps} and then resuspended in Ham\'s F-12 medium (Lonza; Basel, Switzerland) to a final monomer concentration of 100 μ[m]{.smallcaps}. Monomeric Aβ was taken at this point, whereas the remaining solution was incubated at room temperature for 16 h. The resulting preparation was centrifuged at 14,000 × *g* for 20 min to pellet out any fibrillar material, and the supernatant was retained as the oligomer preparation. Pre-formed Aβ oligomers were incubated in the presence or absence of EGCG (4:1 molar excess) or resveratrol (10:1 molar excess) for 24 h at room temperature to remodel Aβ oligomers, and the resulting preparation was centrifuged at 14,000 × *g* for 20 min to pellet out any fibrillar material ([@B33]--[@B35]).

#### Atomic Force Microscopy (AFM)

Samples were diluted in F-12 medium to ∼500 n[m]{.smallcaps} peptide concentration and a 20-μl drop was placed onto a freshly cleaved mica film. Protein was allowed to adhere to the film for 90 s after which time the film was washed in distilled H~2~O and dried under a stream of N~2~ gas. Tapping mode AFM was performed using a Nanoscope IIIa Multimode-AFM instrument (Digital Instruments/Veeco; Phoenix, AZ) under ambient conditions. PointProbe®Plus AFM cantilevers (Windsor Scientific; Slough, UK) with a tip radius of \<10 nm and resonance frequency of ∼160 kHz were used. Fifty randomly selected particles were measured, and their volumes were calculated based on their shape being ellipsoid due to deposition on a surface (*V*~ellipsoid~ = 4/3π × *r*^2^ × height). The diameter of the sphere of corresponding volume was calculated for each particle, by rearranging the equation (*V*~sphere~ = 4/3π × *r*^3^) to give the diameter of the particle as it would exist in solution.

#### Flow Cytometry

SH-SY5Y cells were treated with Aβ oligomers at 4 °C to minimize internalization. Cells were then harvested in PBS containing EDTA, blocked with fish skin gelatin, incubated with FITC-streptavidin, and washed. Fluorescence was quantitated using a BD-LSRFortessa^TM^ flow cytometer. Ten thousand events for each condition were measured, having gated the cell population to ensure that only live cells were monitored.

#### Dot Blotting

Samples were applied to dry nitrocellulose membrane (GE Healthcare). Membranes were blocked overnight in 10% (w/v) nonfat milk in the corresponding antibody diluent buffer (OC antibody (0.1 [m]{.smallcaps} Tris, 0.85% (w/v) NaCl, 0.1% (v/v) Triton X-100, pH 7.4), A11 antibody (20 m[m]{.smallcaps} Tris, 0.8% (w/v) NaCl, 0.001% (v/v) Tween 20, pH 7.4), or 6E10 antibody (0.1% (v/v) Tween 20 in PBS (PBST 1.5 m[m]{.smallcaps} NaH~2~PO~4~, 2.7 m[m]{.smallcaps} Na~2~HPO~4~, 150 m[m]{.smallcaps} NaCl, pH 7.4)). After washing, primary antibodies were applied for 1 h in the relevant buffer containing 3% (w/v) BSA (OC, 1:5000; A11, 1:1500; and 6E10, 1:4000). HRP-conjugated secondary antibodies were applied in the same buffer for 1 h. Bound HRP conjugates were visualized using the ECL® detection system (GE Healthcare). Semi-quantitative densitometry of dots was performed using ImageJ software (National Institutes of Health, Bethesda).

#### Western Blotting

Cell lysates were prepared routinely in lysis buffer (50 m[m]{.smallcaps} Tris, 150 m[m]{.smallcaps} NaCl, 0.5% (w/v) sodium deoxycholate, 1% (v/v) Nonidet P-40, pH 8.8). For phospho-SFK blots, cells were lysed in phosphatase inhibitor buffer (50 m[m]{.smallcaps} Tris, 150 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} sodium orthovanadate, 50 m[m]{.smallcaps} NaF, 0.4% (v/v) Nonidet P-40, 10% (v/v) glycerol, 10 μg/ml aprotinin, 20 μg/ml leupeptin, pH 7.5). Samples were mixed with dissociation buffer (100 m[m]{.smallcaps} Tris/HCl, 2% (w/v) SDS, 10% (v/v) glycerol, 100 m[m]{.smallcaps} DTT, 0.02% (w/v) bromphenol blue, pH 6.8). Cell lysate and conditioned media samples were boiled for 5 min. All proteins were resolved by SDS-PAGE on Tris-glycine acrylamide gels with the exception of Aβ oligomers that were resolved on Tris/Tricine 10--20% (v/v) acrylamide gradient gels (Bio-Rad) and then transferred to Hybond PVDF membranes (GE Healthcare). Following electrotransfer, the membranes were blocked for 1 h in PBST and 5% (w/v) nonfat milk. Membranes were incubated with primary antibody, either for 1 h at room temperature or overnight at 4 °C, followed by HRP-conjugated secondary antibody, both in PBST. Bound HRP conjugates were visualized using the ECL® detection system.

#### RNA Interference Studies

siRNA specific for human LRP1, human Fyn, and rat and human PrP^C^, and a nontargeting sequence were obtained as smartpools from Dharmacon (Thermo Fisher Scientific Biosciences, Northumberland, UK). SH-SY5Y and NB7 cells were seeded into 6- or 24-well plates in routine culture medium and allowed to adhere overnight. The cell monolayers were washed twice with PBS containing Ca^2+^ and Mg^2+^ ions, and a 70 n[m]{.smallcaps} (final concentration) smartpool siRNA solution (Dharmacon) was delivered as a complex with DharmaFECT-1 (for SH-SY5Y and NB7 cells) or DharmaFECT-3 (for rat primary hippocampal neurons) transfection reagent (Dharmacon) in serum-free medium. For LRP1, after 2 h, the serum-free medium was replaced with FBS-containing DMEM, and the cells were left for 25 h. For PrP^C^ and Fyn siRNA, the medium was left for 48 h prior to incubation of cells with Aβ oligomers and fixation for immunofluorescence microscopy or lysis for Western blot analysis.

#### Methyl-β-cyclodextrin (MβCD) Treatment

SH-SY5Y cells expressing PrP^C^ or NB7 cells were incubated with 2 m[m]{.smallcaps} MβCD diluted in growth medium for 1 h at 37 °C. SH-SY5Y cells were incubated with oligomeric Aβ (200 n[m]{.smallcaps} total peptide) for 30 min on ice before visualization by fluorescence microscopy. NB7 cells were incubated with oligomeric Aβ (500 n[m]{.smallcaps} total peptide) for 20 min at 37 °C and lysates prepared as described above. NB7 lysates were assayed for cholesterol depletion using the Amplex Red cholesterol assay kit (Invitrogen) as described in the manufacturer\'s instructions.

#### Fluorescence Microscopy

Cells were cultured in normal growth medium to ∼60% confluence on glass coverslips. For Aβ oligomer binding experiments, cells were incubated in the presence or absence of either monomeric Aβ or oligomers (200 n[m]{.smallcaps} total peptide concentration) diluted into F-12 medium (SH-SY5Y cells) or supplemented Neurobasal medium (primary neurons). To assess the effects of Aβ oligomers upon cell surface PrP^C^, cells were incubated in the presence or absence of either Aβ oligomers (400 n[m]{.smallcaps} total peptide concentration) or 100 μ[m]{.smallcaps} Cu^2+^ presented as a histidine chelate for 30 min at 37 °C. These experiments were conducted in the presence or absence of receptor-associated protein (RAP) at a concentration of 20 μg/ml. For LRP1 knockdown experiments, cells were incubated with Aβ oligomers (400 n[m]{.smallcaps} total peptide) for 30 min at 37 °C. For Aβ co-localization and internalization experiments, cells were incubated in the presence or absence of Aβ oligomers (400 n[m]{.smallcaps} total peptide concentration) at 37 °C for 1, 5, 20, 40, or 90 min. Postincubation, cells were fixed with 4% (v/v) paraformaldehyde or ice-cold 1:1 (v/v) methanol/acetone for 10 min, permeabilized if necessary using 0.2% (v/v) Tween 20 or 0.1% (v/v) Triton X-100 for 20 min (primary neurons), and blocked overnight at 4 °C in PBS containing Ca^2+^ and Mg^2+^ ions with 5% (v/v) fish skin gelatin. Coverslips were then incubated for 2 h in the same buffer containing primary antibody, washed, and then incubated with the appropriate fluorescent probe-conjugated secondary antibody under the same conditions. Nuclei were counterstained by washing briefly in DAPI stain, and coverslips were mounted onto glass slides using Fluoromount-G (Southern Biotech). Cells were visualized using a DeltaVision Optical Restoration Microscopy System (Applied Precision). Data were collected from at least 30 0.5-μm-thick optical sections, and three-dimensional data sets were deconvolved using the softWoRx program (Applied Precision). Images analyzed were individual *z*-sections taken from the middle of the data stack, representing a section through the center of the cell. The number of cells analyzed is indicated in individual figure legends. Fluorescence around the cell membrane was quantified using ImageJ software as described previously ([@B40]). This was plotted as pixel intensity *versus* distance around the cell using Microsoft Excel, and then the percentage of cell surface with detectable staining was calculated from multiple images. Bright field images were used to verify the location of the cell boundary.

#### Lipid Raft Isolation

Harvested cells were resuspended in 2 ml of MES-buffered saline (MBS: 25 m[m]{.smallcaps} MES, 150 m[m]{.smallcaps} NaCl, pH 6.5) containing 0.6% Triton X-100 and homogenized by passing 15 times through a Luer 21-gauge needle. The supernatant was made up to 40% sucrose by adding an equal volume of 80% sucrose in MBS. A 1-ml aliquot of the sample was placed below a discontinuous gradient of sucrose consisting of 3 ml of 35% sucrose and 1 ml of 5% sucrose, both in MBS. The samples were then centrifuged at 140,000 × *g* in an SW-55i rotor (Beckman Coulter) for 18 h at 4 °C. The sucrose gradients were harvested in 0.5-ml fractions from the base of the gradient, and the distribution of proteins was monitored by Western blot analysis of the individual fractions.

#### CytoTox-ONE^TM^ Homogeneous Membrane Integrity Assay

The assay kit (Promega), which measures the release of lactate dehydrogenase (LDH) from cells, was used in accordance with the manufacturer\'s instructions. Cells were plated out into black-walled 96-well plates and serum-starved overnight to synchronize the cells in the same phase of the cell cycle. Serum-containing medium was added for 2 h to re-start the cell cycle, before the cells were incubated with Aβ oligomers in Opti-MEM for 90 min at 37 °C. Lysis buffer was added to positive control wells. An equal volume of assay buffer was added to each well, and fluorescence was recorded at an excitation wavelength of 560 nm and an emission wavelength of 590 nm using a Varioskan Flash plate reader (Thermo Fisher Scientific, Waltham, MA).

#### Multi-Tox Fluor^TM^ Multiplex Cytotoxicity Assay

The assay kit (Promega) was used in accordance with the manufacturer\'s instructions. Cells were plated out as described for the LDH release assay. Aβ oligomers were added to the cells in Opti-MEM for 5 h at 37 °C, after which point an equal volume of assay buffer was added to each well, and the plate was incubated in the dark for at least 30 min at 37 °C. Fluorescence was recorded at an excitation of 400 nm and emission of 520 nm for live cell measurements and an excitation of 485 nm and emission of 520 nm for dead cell measurements, from which the ratio of live to dead cells was calculated for each condition.

#### Caspase-3 Assay

Cells were cultured to confluence, rinsed in PBS, and then incubated in serum-free Opti-MEM in the presence or absence of Aβ oligomers (500 n[m]{.smallcaps} total peptide). After 23 h, staurosporine (1 μ[m]{.smallcaps}) was added for 30 min, and then lysates were prepared and subjected to Western blotting for cleaved (active) caspase-3.

#### Effect of Aβ Oligomers upon PrP^C^-regulated BACE1 Activity

SH-SY5Y cells, expressing APP with either PrP^C^ or empty vector, were cultured to confluence and then washed in serum-free Opti-MEM. Cells were incubated in the presence or absence of Aβ oligomers (800 n[m]{.smallcaps} total peptide concentration) or heparin (800 n[m]{.smallcaps}) in serum-free Opti-MEM for 16 h at 37 °C. Conditioned medium was harvested and concentrated using Vivaspin 10-kDa molecular mass cutoff filters (Sartorius Stedim UK Ltd., Surrey, UK). Conditioned media and lysates were separated by SDS-PAGE and analyzed by Western blotting.

#### Statistical Analysis

Densitometric analysis was performed using ImageJ software. The nonparametric two-tailed Mann-Whitney *U* test was employed to compare two independent samples when sample numbers were less than *n* = 6. Where *n* \> 6 and the data were normally distributed, as verified by the Kolmogorov-Smirnov test, the Levene test was used to ensure that the data sets were of equal variance. The parametric independent *t* test was subsequently used to calculate significance. *p* ≤ 0.05 was considered significant and error bars given as ± S.E. Data were analyzed using the PASW Statistics 17 program (Chicago).

RESULTS
=======

### 

#### Characterization of Soluble, Fibrillar Aβ Oligomers

We prepared soluble, fibrillar Aβ oligomers from synthetic biotin-tagged peptide as described previously ([@B29]). Characterization of the Aβ oligomer preparation by AFM revealed a homogeneous, fibril-free population of globular particles that were absent from the monomeric starting material ([Fig. 1](#F1){ref-type="fig"}*A*). The majority of the particles corresponded to spheres with a diameter of 5--6 nm (data not shown). Biochemical analysis by Tris/Tricine SDS-PAGE and Western blotting revealed a broad band of high molecular mass (∼55--170 kDa) Aβ species within the oligomer preparation that was absent from the monomer preparation ([Fig. 1](#F1){ref-type="fig"}*B*). In both the oligomer and monomer preparations, species corresponding to dimer, trimer, and tetramer were also apparent ([Fig. 1](#F1){ref-type="fig"}*B*), which are possibly an artifact of SDS-PAGE. Dot blotting with the conformation-specific antibodies OC (fibrillar epitope) and A11 (pre-fibrillar epitope) indicated that the Aβ oligomers displayed a fibrillar (OC-positive) conformation and did not react with the A11 antibody ([Fig. 1](#F1){ref-type="fig"}*C*). A control preparation of A11-positive oligomers verified the reactivity of the A11 antibody ([Fig. 1](#F1){ref-type="fig"}*D*).

![**Characterization of soluble, fibrillar Aβ oligomers.** Biotin-Aβ(1--42) oligomers were prepared as described under "Experimental Procedures". *A*, tapping mode AFM of freshly prepared Aβ monomer and oligomers (*scale bar*, 100 nm). *B*, freshly prepared Aβ monomers or oligomers were separated by denaturing Tris/Tricine SDS-polyacrylamide gel (2 μg of protein) and then immunoblotted and probed with the anti-Aβ antibody 6E10. *C*, samples of freshly prepared Aβ monomers and oligomers (1 μg of protein) were spotted onto nitrocellulose membrane and dot-blotted with the indicated antibodies. *D*, control samples of Aβ monomers, A11-positive oligomers, and fibrils were pre-dotted onto nitrocellulose membrane and subjected to dot-blotting using the A11 antibody.](zbc0161344150001){#F1}

#### PrP^C^ Mediates the Binding of Fibrillar Aβ Oligomers

The binding of Aβ oligomers to human SH-SY5Y neuroblastoma cells, which lack detectable levels of endogenous PrP^C^, was compared with their binding to cells stably expressing PrP^C^ ([Fig. 2](#F2){ref-type="fig"}*A*) ([@B24], [@B36]). Fluorescence microscopy revealed that the binding of the biotin-Aβ oligomers to cells expressing PrP^C^ was 10-fold higher compared with the binding to the untransfected cells ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). Furthermore, only minimal binding of monomeric Aβ to the cells expressing PrP^C^ was observed ([Fig. 2](#F2){ref-type="fig"}, *B* and *C*). The selective binding of the Aβ oligomers to the cells expressing PrP^C^ was confirmed by flow cytometry ([Fig. 2](#F2){ref-type="fig"}, *D* and *E*). Next, we examined the binding of fibrillar Aβ oligomers to rat primary hippocampal neurons following treatment with either siRNA against PrP^C^ or a nontargeting siRNA control ([Fig. 2](#F2){ref-type="fig"}*F*). The specific siRNA reduced PrP^C^ in the neurons by 70.4% ([Fig. 2](#F2){ref-type="fig"}*G*) and reduced Aβ oligomer binding by 59.4% ([Fig. 2](#F2){ref-type="fig"}*H*). These data indicate that in both SH-SY5Y cells and primary neurons, PrP^C^ is the major binding site for fibrillar Aβ oligomers.

![**PrP^C^ mediates the binding of Aβ oligomers to human neuroblastoma cells and rat hippocampal neurons.** *A*, Western blot of lysates (40 μg of protein) prepared from SH-SY5Y human neuroblastoma cells, either expressing PrP^C^ (+) or empty vector (−), with antibody 3F4 and for β-actin. *B*, SH-SY5Y cells, either expressing PrP^C^ (+) or empty vector (−), were incubated with fresh Aβ monomer or Aβ oligomers (200 n[m]{.smallcaps} total peptide) for 90 min at room temperature, washed, and then fixed onto slides. Biotin-Aβ oligomer/FITC-streptavidin conjugates (*green*) are observed as puncta around the cell membranes (*scale bar*, 5 μm). *C*, Aβ oligomer binding was quantified as the average fluorescence above threshold per length of cell boundary using ImageJ software (*n* = 60 for each condition; \*\*\*, *p* \< 0.001; *A.U.*, arbitrary units). *D*, SH-SY5Y cells, stably expressing PrP^C^ (+) or empty vector (−), were incubated in the presence or absence of biotinylated Aβ monomer or oligomers (200 n[m]{.smallcaps} total peptide) for 30 min at 4 °C to minimize internalization. Cells were then harvested and incubated with FITC-streptavidin. Fluorescence per cell (corresponding to Aβ binding) was measured by flow cytometry. *E*, data were analyzed using FlowJo software (*n* = 3; \*\*, *p* = 0.001). *F*, primary hippocampal neurons were isolated and grown for 5 days, then treated with siRNA targeted against PrP^C^ or a nontargeting (*NT*) control, and then incubated in the presence or absence of Aβ oligomer or monomer (200 n[m]{.smallcaps} total peptide) for 30 min at 4 °C. Cells were fixed, permeabilized, and then stained for Aβ oligomers and PrP^C^ using FITC-streptavidin and antibody 6H4, respectively (*scale bar*, 10 μm). The amount of PrP^C^ (*G*) and Aβ (*H*) per MAP2-positive neuron was quantified using ImageJ (*n* = 10; \*\*\*, *p* \< 0.001).](zbc0161344150002){#F2}

#### Fibrillar Aβ Oligomers Mediate Cytotoxicity and Activate Fyn in a PrP^C^-dependent Manner

The cytotoxicity of the Aβ oligomers toward SH-SY5Y cells, either expressing PrP^C^ or containing empty vector, was determined by two different assays. The CytoTox-ONE^TM^ homogeneous membrane integrity assay (Promega) determines the extent to which the plasma membrane has been damaged by measuring the amount of LDH that is released from the cells. Incubation in the presence of Aβ oligomers caused an increase in LDH release from both cells expressing empty vector and those expressing PrP^C^, with significantly greater membrane damage to the cells expressing PrP^C^ ([Fig. 3](#F3){ref-type="fig"}*A*). The addition of lysis buffer to cells lacking or expressing PrP^C^ caused an increase in LDH release of 99.5 and 109.4% compared with control, respectively. The Multi-Tox Fluor^TM^ multiplex cytotoxicity assay (Promega) was employed to verify these results. Incubation in the presence of Aβ oligomers decreased the live/dead cell ratio in both cells expressing vector alone and in the PrP^C^-expressing cells, with a significantly greater effect upon the cells expressing PrP^C^ ([Fig. 3](#F3){ref-type="fig"}*B*). These data indicate that PrP^C^ is not simply a cell surface receptor for soluble, fibrillar Aβ oligomers but is also, at least in part, responsible for mediating their cytotoxic effects.

![**Aβ oligomers require the presence of PrP^C^ to mediate cytotoxicity and activation of Fyn kinase.** *A*, cytotoxicity was measured using the CytoTox-ONE^TM^ homogeneous membrane integrity assay. SH-SY5Y cells, expressing either PrP^C^ or empty vector, were incubated in the presence of either AβO (400 n[m]{.smallcaps} total peptide) or vehicle alone for 90 min at 37 °C (*n* = 5; \*, *p* = 0.016). *B*, cytotoxicity was measured using the MultiTox-Fluor^TM^ multiplex cytotoxicity assay. SH-SY5Y cells, expressing either PrP^C^ or empty vector, were incubated in the presence of either Aβ oligomers (400 n[m]{.smallcaps} total peptide) or vehicle alone for 5 h at 37 °C. Substrate was added, and fluorescence was measured to determine the ratio of live to dead cells for each condition, compared with control (*n* = 5; \*\*, *p* = 0.009). *C*, SH-SY5Y cells expressing PrP^C^ (+) or empty vector (−) were incubated in Opti-MEM in the presence (+) or absence (−) of AβO (500 n[m]{.smallcaps} total peptide) for 23.5 h at 37 °C. Then staurosporine (1 μ[m]{.smallcaps}) was added to the cells for 30 min. Cell lysates (100 μg of total protein) were immunoblotted for cleaved caspase-3 (anti-cleaved caspase-3, Asp-175), PrP^C^ (3F4), and β-actin. *D*, amount of cleaved caspase-3 was calculated from the immunoblots in *C* and normalized to β-actin (expressed as % control in the absence of Aβ oligomers) (*n* = 4; *N.S.*, not significant). NB7 cells were treated with nontargeting siRNA or siRNA against PrP^C^ (*E* and *F*) or Fyn (*G* and *H*) for 48 h, before incubating with Aβ oligomers (500 n[m]{.smallcaps} total peptide) (+) or vehicle control (−) for 20 min at 37 °C. Lysates were prepared and immunoblotted for Fyn, phospho-SFK (pSFK416), PrP^C^ (SAF32), and β-actin (*E*), and phospho-SFK, Fyn, and actin (*G*). The amount of phospho-SFK was calculated from the immunoblots in *F* and *H* normalized to Fyn kinase and presented as a percentage of the vehicle control, *n* = 5 (*E*), *n* = 6 (*G*); \*, *p* \< 0.05; \*\*, *p* \< 0.01; *N.S.*, not significant.](zbc0161344150003){#F3}

To determine the mechanism by which the Aβ oligomers promote cytotoxicity, activation of caspase-3 was investigated as Aβ oligomers have been reported to activate this pro-apoptotic enzyme ([@B41], [@B42]). In the absence of PrP^C^, there was no significant difference in the amount of active, cleaved caspase-3 following addition of Aβ oligomers to the cells ([Fig. 3](#F3){ref-type="fig"}, *C* and *D*). Although the Aβ oligomers caused an increase in the amount of active, cleaved caspase-3 in the cells expressing PrP^C^ ([Fig. 3](#F3){ref-type="fig"}, *C* and *D*), this was mainly attributed to an up-regulation in the basal level of caspase-3 in the cells expressing PrP^C^, as has been observed previously ([@B43]).

SFKs are involved in mediating the toxic effects of Aβ ([@B44]), and their activity can be modulated by PrP^C^ ([@B45]). The activation of SFKs can be monitored by measuring the expression of phospho-Tyr-416 using a phosphospecific antibody (pSFK416). We wanted to establish whether the binding of Aβ oligomers to PrP^C^ was required for the phosphorylation of SFKs in our system. For these experiments, we used NB7 neuroblastoma cells that endogenously express PrP^C^ ([Fig. 3](#F3){ref-type="fig"}*E*). As with the primary neurons ([Fig. 2](#F2){ref-type="fig"}, *F* and *H*), siRNA knockdown of PrP^C^ (89.4% reduction) caused a significant reduction (86.2%) in Aβ oligomer binding to the NB7 cells (data not shown). Incubation of the NB7 cells with Aβ oligomers caused a 37.3% increase in the amount of active, phosphorylated SFKs, when normalized to total Fyn kinase levels ([Fig. 3](#F3){ref-type="fig"}, *E* and *F*). Where the cells had been pretreated with the siRNA targeted against PrP^C^, the addition of the Aβ oligomers did not lead to an increase in the amount of phosphorylated SFKs ([Fig. 3](#F3){ref-type="fig"}, *E* and *F*). These data indicate that the activation of SFKs by Aβ oligomers is completely dependent on the presence of PrP^C^. Although the phosphospecific antibody pSFK416 detects phospho-Tyr-416 in several SFKs, using kinase-specific immunoprecipitation, Um *et al.* ([@B46]) reported recently that the binding of Aβ oligomers to PrP^C^ specifically activates Fyn kinase. To confirm that the PrP^C^-dependent activation was Fyn-specific, we used siRNA to knock down Fyn kinase that prevented the Aβ oligomer-mediated activation of SFKs ([Fig. 3](#F3){ref-type="fig"}, *G* and *H*), thereby confirming Fyn as the kinase activated upon binding of the Aβ oligomers to PrP^C^.

#### Cholesterol Depletion Disrupts Aβ Oligomer Binding and Activation of Fyn

As both PrP^C^ and Fyn are localized to cholesterol-rich lipid raft domains ([@B13], [@B47]), we investigated whether the integrity of lipid rafts is required to mediate the binding of Aβ oligomers and the subsequent activation of Fyn. Treatment of the SH-SY5Y cells with MβCD caused re-distribution of the punctate cell surface pattern of raft-localized PrP^C^ to a more uniform staining typical of non-raft-localized proteins ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*), as reported previously ([@B40]). In addition, this treatment caused the re-localization of PrP^C^ and Fyn from rafts to non-raft regions of the membrane ([Fig. 4](#F4){ref-type="fig"}, *C* and *D*), consistent with the disruption of lipid rafts. Surprisingly, disruption of the rafts significantly reduced the cell surface binding of the Aβ oligomers (by 80.6%) ([Fig. 4](#F4){ref-type="fig"}, *E* and *F*). In the NB7 cells, decreasing cholesterol levels by 32.7% (0 n[m]{.smallcaps} Aβ oligomers) and 40.9% (500 n[m]{.smallcaps} Aβ oligomers) ([Fig. 4](#F4){ref-type="fig"}*G*) prevented the Aβ oligomers from activating Fyn kinase ([Fig. 4](#F4){ref-type="fig"}, *H* and *I*). Together, these data indicate that lipid raft localization of PrP^C^ is required for the binding of Aβ oligomers and that the integrity of lipid rafts and/or other lipid raft-localized proteins are required for the Aβ oligomer-mediated activation of Fyn kinase.

![**Disruption of cholesterol-rich lipid rafts perturbs Aβ oligomer binding and activation of Fyn kinase.** SH-SY5Y cells expressing PrP^C^ were incubated in the absence (*control*) or presence of 2 m[m]{.smallcaps} MβCD for 1 h at 37 °C. Cells were then incubated with AβO (200 n[m]{.smallcaps} total peptide) for 30 min at 4 °C. *A*, cells were fixed and immunostained for PrP^C^ as described in [Fig. 2](#F2){ref-type="fig"} (*scale bar*, 5 μm). *B*, images presented in *A* were analyzed using ImageJ to determine the uniformity of PrP^C^ staining around the membrane in the presence or absence of MβCD (*A.U.*, arbitrary units). SH-SY5Y cells expressing PrP^C^ were incubated in the absence (*C*) or presence (*D*) of 2 m[m]{.smallcaps} MβCD for 1 h at 37 °C. Lipid rafts were prepared using a sucrose gradient and immunoblotted for transferrin receptor (*TfR*), Flotillin-1, PrP^C^ (3F4), and Fyn. Fractions labeled *1--9* with non-raft in fractions 1--3 and raft in fractions 7--9. Cells from *A* were also immunostained for Aβ (*E*), and the amount of Aβ per length of cell membrane was quantified using ImageJ (*n* = 10; \*\*\*, *p* \< 0.001) (*F*). NB7 cells were incubated in the presence or absence of 2 m[m]{.smallcaps} MβCD for 1 h at 37 °C. Cells were then incubated with Aβ oligomers (*A*β*O* +, 500 n[m]{.smallcaps} total peptide) or vehicle (−) for 20 min at 37 °C. *G*, total cholesterol was measured in cell lysates using the Amplex Red cholesterol assay kit (*n* = 6; \*\*\*, *p* \< 0.001). *H*, lysates were prepared and immunoblotted for Fyn, phospho-SFK (pSFK416), PrP^C^, and β-actin. *I*, amount of phospho-SFK was calculated from the immunoblots in *H* normalized to Fyn kinase, and presented as a percentage of the vehicle control (*n* = 6; \*\*, *p* \< 0.01; *N.S.*, not significant).](zbc0161344150004){#F4}

#### On Binding to PrP^C^, Aβ Oligomers Are Endocytosed and Trafficked to Lysosomes

Similar to the binding of other ligands to cell surface receptors, we hypothesized that following binding to PrP^C^, the Aβ oligomers would be internalized along with their receptor. To investigate this, SH-SY5Y cells expressing PrP^C^ were incubated in the presence or absence of Aβ oligomers for 30 min at 37 °C. As a positive control, cells were incubated under the same conditions in the presence of 100 μ[m]{.smallcaps} Cu^2+^, presented as a histidine chelate, which stimulates PrP^C^ endocytosis ([@B36]). Incubation with either Cu^2+^ or Aβ oligomers caused a significant (40.1 and 59.0%, respectively) reduction in PrP^C^ at the cell surface ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*). We next explored the fate of the Aβ oligomers and PrP^C^ to determine whether they are internalized as a complex and to which subcellular compartments the Aβ oligomers are trafficked. Cells expressing PrP^C^ were incubated with Aβ oligomers at 37 °C over a time course from 1 to 90 min, prior to permeabilization and fixation. Fluorescence microscopy was used to assess the level of co-localization between Aβ oligomers and PrP^C^ and with organelle-specific markers ([Fig. 5](#F5){ref-type="fig"}*C*). Quantitation of the amount of Aβ oligomers co-localized with PrP^C^ revealed a significant increase in their co-localization after 5 min, which increased up to 40 min and then diminished, albeit not significantly, after 90 min ([Fig. 5](#F5){ref-type="fig"}*D*). This apparent increase in co-localization may be due to the Aβ oligomers and PrP^C^ aggregating together into larger complexes upon internalization. The co-localization of Aβ oligomers with EEA1, a marker for early endosomes, increased significantly between 1 and 5 min, continued to increase until 40 min, and then decreased significantly by 90 min ([Fig. 5](#F5){ref-type="fig"}*E*). Co-localization of Aβ oligomers with a lysosomal marker, cathepsin D, showed a slight but significant increase after 40 min, with a more significant increase observed at 90 min ([Fig. 5](#F5){ref-type="fig"}*F*). Taken together, these data indicate that Aβ oligomers, after binding to PrP^C^ at the cell surface, are internalized and trafficked to endosomes and then lysosomes.

![**Aβ oligomers endocytose with PrP^C^ and traffic to lysosomes.** *A*, SH-SY5Y cells expressing PrP^C^ were incubated for 30 min at 37 °C in the presence or absence of AβO (400 n[m]{.smallcaps} total peptide) or 100 μ[m]{.smallcaps} Cu^2+^. The cells were fixed and immunostained for PrP^C^ (SAF32) (*scale bar*, 5 μm). *B*, average fluorescence per length of cell membrane was quantified using ImageJ (*n* = 20 for each condition; \*\*\*, *p* \< 0.001). *C*, SH-SY5Y cells expressing PrP^C^ were incubated with AβO (400 n[m]{.smallcaps} total peptide) at 37 °C for the times indicated before washing, fixation, and permeabilization. Aβ, PrP^C^, endosomes, and lysosomes were detected using Texas Red-streptavidin, SAF32, anti-EEA1 and anti-cathepsin D, respectively (*scale bar*, 5 μm). Co-localization of Aβ oligomers with PrP^C^ (*D*), EEA1 (*E*), and cathepsin D (*F*) quantified using ImageJ (*n* = 10 for each condition; \*\*\*, *p* \< 0.001; \*\*, *p* \< 0.01; \*, *p* \< 0.05; *N.S.*, not significant).](zbc0161344150005){#F5}

#### Endocytosis and Cytotoxicity of Aβ Oligomers Are Dependent upon the Transmembrane LRP1

The Cu^2+^-mediated internalization of PrP^C^ is dependent on the transmembrane LRP1 and can be blocked using the selective binding protein RAP ([@B48], [@B49]). We hypothesized, therefore, that LRP1 may play a role in the PrP^C^-mediated binding, internalization, and cytotoxicity of Aβ oligomers. To investigate the involvement of LRP1 in the PrP^C^-dependent binding and uptake of Aβ oligomers, siRNA was used to knock down the expression of LRP1 in the SH-SY5Y cells expressing PrP^C^ ([Fig. 6](#F6){ref-type="fig"}, *A* and *B*). Targeted knockdown of LRP1 significantly reduced the cell surface binding (by 86.6%) of the Aβ oligomers ([Fig. 6](#F6){ref-type="fig"}, *C* and *D*) and their internalization (by 77.8%) ([Fig. 6](#F6){ref-type="fig"}, *E* and *F*). siRNA knockdown of LRP1 did not alter significantly the amount of PrP^C^ at the cell surface ([Fig. 6](#F6){ref-type="fig"}*G*). A significant portion (90.5%) of the residual binding of Aβ oligomers to cells not expressing PrP^C^ was dependent on LRP1 ([Fig. 6](#F6){ref-type="fig"}, *H--J*).

![**Aβ oligomer binding and endocytosis of PrP^C^ are LRP1-dependent.** SH-SY5Y cells expressing PrP^C^ were incubated with either siRNA targeted against LRP1 or a nontargeting (*NT*) siRNA control. *A*, LRP1 was detected using anti-LRP1 (N20) antibody. *B*, LRP1 was quantified to verify the knockdown of protein expression (*n* = 20; \*\*\*, *p* \< 0.001). Following siRNA treatment, cells were incubated with Aβ oligomers (400 n[m]{.smallcaps} total peptide) for 30 min and unpermeabilized to study Aβ oligomer binding (*C* and *D*) or permeabilized with Triton X-100 to study Aβ oligomer internalization (*E* and *F*). Aβ oligomers and PrP^C^ were detected using Texas Red-streptavidin and SAF32, respectively. Aβ oligomer binding (*D*), internalization (*F*), and cell surface levels of PrP^C^ (*G*) were quantified using ImageJ (*n* = 10; \*\*, *p* \< 0.01; *n* = 20; *N.S.*, not significant). *H*, SH-SY5Y cells expressing empty vector were incubated with either siRNA targeted against LRP1 or a nontargeting (*NT*) siRNA control. Following siRNA treatment, cells were incubated with Aβ oligomers (400 n[m]{.smallcaps} total peptide) for 30 min. LRP1 and Aβ oligomers were detected as described above, and LRP1 knockdown (*I*) and Aβ oligomer binding (*J*) were quantified using ImageJ (*n* = 10; \*\*\*, *p* \< 0.001).](zbc0161344150006){#F6}

Next, we investigated the effect of Aβ oligomers upon the co-localization of PrP^C^ and LRP1 and whether the oligomers affected the trafficking of LRP1. Incubation of the SH-SY5Y cells with the Aβ oligomers caused a significant (50.2%) increase in the co-localization of PrP^C^ with LRP1 ([Fig. 7](#F7){ref-type="fig"}, *A* and *B*). Incubation of the cells with the oligomers also significantly increased the co-localization of LRP1 with EEA1 after 10 min at 37 °C ([Fig. 7](#F7){ref-type="fig"}, *C* and *D*). Together, these data suggest that LRP1 is a co-receptor that, along with PrP^C^, mediates the binding and internalization of Aβ oligomers.

![**Aβ oligomers promote the co-localization of PrP^C^ with LRP1 and increase the rate of LRP1 endocytosis.** *A*, SH-SY5Y cells expressing PrP^C^ were incubated in the presence or absence of AβO (400 n[m]{.smallcaps} total peptide) for 30 min at 4 °C. Cells were washed, fixed, and immunostained for PrP^C^ and LRP1 using the antibodies SAF32 and N20, respectively. *B*, amount of PrP^C^ co-localized with LRP1 was quantified in ImageJ (*n* = 10; \*\*, *p* = 0.006). *C*, SH-SY5Y cells expressing PrP^C^ were pre-labeled with anti-LRP1 antibody (N20) at 4 °C for 30 min and then washed to remove unbound antibody. Cells were transferred to 37 °C and incubated with medium in the presence or absence of AβO (400 n[m]{.smallcaps} total peptide) for 1, 5, 10, or 40 min prior to washing, fixation, and permeabilization in 0.2% Tween 20 and stained for early endosomes (anti-EEA1) along with LRP1. Only images for the 10-min time point are shown. *D*, percentage of total LRP1 that was co-localized with EEA1 was quantified in ImageJ (*n* = 15; \*, *p* = 0.016). *Scale bars*, 5 μm.](zbc0161344150007){#F7}

To investigate whether LRP1 is required for the cytotoxicity of Aβ oligomers, the LRP1-PrP^C^ interaction was inhibited by RAP ([@B48]). As RAP has been reported to bind monomeric Aβ ([@B50]), we initially investigated whether it would bind the fibrillar Aβ oligomers. Dot blotting revealed that the Aβ oligomers bound to recombinant PrP but did not interact with either RAP or BACE1 ([Fig. 8](#F8){ref-type="fig"}*A*). Fluorescence microscopy revealed that in the presence of RAP, the binding of Aβ oligomers to SH-SY5Y cells expressing PrP^C^ was not altered ([Fig. 8](#F8){ref-type="fig"}, *B* and *C*). However, RAP completely abolished the Aβ oligomer-dependent internalization of PrP^C^ ([Fig. 8](#F8){ref-type="fig"}, *D* and *E*). When the cells were incubated with Aβ oligomers in the presence of RAP, there was no significant increase in LDH release, as observed in the cells treated with Aβ oligomers alone ([Fig. 8](#F8){ref-type="fig"}*F*). To confirm that LRP1, and not another RAP-binding protein, was required for the toxicity of the Aβ oligomers, SH-SY5Y cells were incubated with Aβ oligomers in the presence of LRP1 siRNA. In the cells treated with the nontargeting siRNA, the Aβ oligomers caused a significant decrease in the live/dead cell ratio, although there was no such reduction in the live/dead cell ratio in the cells treated with the LRP1 siRNA ([Fig. 8](#F8){ref-type="fig"}*G*). These data identify LRP1 as a novel co-receptor in the Aβ oligomer-PrP^C^ interaction, which is required for the PrP^C^-mediated cytotoxicity of fibrillar Aβ oligomers.

![**Disruption of the PrP^C^-LRP1 interaction blocks Aβ oligomer-mediated PrP^C^ internalization and toxicity.** *A*, recombinant human PrP, recombinant human RAP, and recombinant human BACE1 (1 μg of each) were spotted onto nitrocellulose membranes and blocked in 10% milk for 1 h. The membrane was incubated in the presence or absence of biotin-AβO (250 n[m]{.smallcaps} diluted in PBS) for 1 h, prior to probing with streptavidin-conjugated horseradish peroxidase (*strep-HRP*). Replicate membranes were probed to verify the presence of PrP^C^ (SAF32), RAP (anti-RAP), and BACE1 (EE17). *B*, SH-SY5Y cells expressing PrP^C^ were incubated in the presence or absence of RAP (20 μg/ml) for 10 min prior to incubation with Aβ oligomers (400 n[m]{.smallcaps} total peptide) for 30 min at room temperature. Following washing and fixation, Aβ oligomers were detected using Texas Red-conjugated streptavidin (*scale bar*, 5 μm). *C*, average fluorescence per length of cell membrane was quantified using ImageJ (*n* = 10; *N.S.*, not significant). *D*, SH-SY5Y cells expressing PrP^C^ were incubated for 30 min at 37 °C in the presence or absence of AβO (400 n[m]{.smallcaps} total peptide) along with RAP (20 μg/ml). The cells were fixed and immunostained for PrP^C^ (*scale bar*, 5 μm). *E*, average fluorescence per length of cell membrane was quantified using ImageJ (*n* = 20 for each condition; *N.S.*, not significant). *F*, cytotoxicity was measured using the CytoTox-ONE ^TM^ homogeneous membrane integrity assay. SH-SY5Y cells expressing PrP^C^ were pre-incubated in the presence or absence of RAP (20 μg/ml) for 60 min in serum-free Opti-MEM and then incubated for a further 90 min with either AβO (400 n[m]{.smallcaps} total peptide) or vehicle alone for 90 min at 37 °C (*n* = 5; \*, *p* = 0.028; \*\*, *p* = 0.009; *N.S.*, not significant). *G*, cytotoxicity was measured using the MultiTox-Fluor^TM^ multiplex cytotoxicity assay. SH-SY5Y cells, expressing either PrP^C^ or empty vector, were incubated with either siRNA targeted against LRP1 or a nontargeting (*NT*) siRNA control, and then incubated in the presence of either Aβ oligomers (400 n[m]{.smallcaps} total peptide) or vehicle alone for 5 h at 37 °C. Substrate was added, and fluorescence was measured to determine the ratio of live to dead cells for each condition, compared with control (*n* = 5; \*\*\*, *p* \< 0.001).](zbc0161344150008){#F8}

#### Aβ Oligomers Impair the PrP^C^-mediated Inhibition of BACE1

PrP^C^ interacts with the β-secretase BACE1 to prevent it from cleaving APP in the first step of Aβ generation, thus keeping Aβ monomer (and hence oligomer) levels to a minimum ([@B24], [@B25]). We hypothesized that Aβ oligomers, upon binding to PrP^C^ and promoting its internalization, may disrupt its inhibition of BACE1. To investigate this, initially we confirmed that PrP^C^ selectively inhibits the BACE1 cleavage of APP. In SH-SY5Y cells stably expressing APP along with either empty vector or PrP^C^, there was a significant reduction (93.3%) in the amount of the BACE1 cleavage product (sAPPβ; soluble ectodomain of APP from β-cleavage) but no effect on the α-secretase cleavage product (sAPPα; soluble ectodomain of APP from α-cleavage) ([Fig. 9](#F9){ref-type="fig"}*A*). Then cells were incubated in the presence or absence of Aβ oligomers. As a positive control, cells were also treated with heparin that increases the BACE1 cleavage of APP ([@B24]). Consistent with previous results ([@B24]), heparin stimulated the BACE1 cleavage of APP as evidenced by the increased amount of sAPPβ in the medium from both the cells expressing PrP^C^ ([Fig. 9](#F9){ref-type="fig"}, *B* and *C*) and those lacking PrP^C^ ([Fig. 9](#F9){ref-type="fig"}, *D* and *E*). In the SH-SY5Y cells expressing PrP^C^, addition of the Aβ oligomers caused a significant increase in the amount of sAPPβ in the medium ([Fig. 9](#F9){ref-type="fig"}, *B* and *C*). This effect was specific to the BACE1 cleavage of APP as the Aβ oligomers did not affect the amount of sAPPα ([Fig. 9](#F9){ref-type="fig"}, *B* and *C*). In contrast, in the cells lacking PrP^C^, the addition of Aβ oligomers had no effect on the amount of sAPPβ ([Fig. 9](#F9){ref-type="fig"}, *D* and *E*). These data indicate that Aβ oligomers impair the ability of PrP^C^ to inhibit BACE1 activity, thus increasing the amyloidogenic processing of APP.

![**Aβ oligomers impair the PrP^C^-mediated inhibition of BACE1.** SH-SY5Y cells expressing APP~695~ along with either PrP^C^ (+) or empty vector (−) were cultured to confluence and incubated in the presence of vehicle alone, AβO (800 n[m]{.smallcaps} total peptide), or heparin (800 n[m]{.smallcaps}). *A*, cell lysates and conditioned media immunoblotted (40 μg of protein) for APP (22C11), sAPPα (6E10), sAPPβ (1A9), PrP^C^ (3F4), and β-actin. Samples from cells expressing (*B* and *C*) or lacking (*D* and *E*) PrP^C^ were blotted as described above, and semi-quantitative densitometry of membranes was performed in ImageJ. Levels of sAPPα and sAPPβ were normalized to total APP (*n* = 3; \*, *p* \< 0.05). *N.S.*, not significant.](zbc0161344150009){#F9}

#### PrP^C^-mediated Cellular Binding, Activation of Fyn, and Cytotoxicity of Fibrillar Aβ Oligomers Are Conformation-dependent

Finally, we considered whether the fibrillar (OC-positive) epitope may be a crucial structural motif that facilitates the interaction between Aβ oligomers and PrP^C^. For this, we investigated whether EGCG and resveratrol ([Fig. 10](#F10){ref-type="fig"}*A*), which have previously been shown to remodel Aβ oligomers ([@B34], [@B35]), could also remodel the fibrillar Aβ oligomers, disrupt their binding to PrP^C^, and their PrP^C^-mediated cytotoxicity. Tapping mode AFM revealed that EGCG and resveratrol both altered the morphology of the Aβ oligomers, causing them to be more diffuse and amorphous in shape and more heterogeneous in size ([Fig. 10](#F10){ref-type="fig"}*B*). Dot-blotting showed that treatment with EGCG or resveratrol caused a significant reduction in OC immunoreactivity (82.9 and 66.4%, respectively) without significant alteration in 6E10 binding ([Fig. 10](#F10){ref-type="fig"}, *C* and *D*).

![**Cellular binding, activation of Fyn kinase, and cytotoxicity of fibrillar Aβ oligomers are conformation-dependent.** *A*, structures of EGCG and *trans-*resveratrol. *B*, pre-formed AβO were incubated in the presence of EGCG (4:1 molar excess), resveratrol (10:1 molar excess), or distilled H~2~O (untreated) for 24 h at room temperature and subjected to tapping mode AFM (*scale bar*, 100 nm). *C*, aliquots of the same samples from *B* (containing 1 μg of peptide) were analyzed by dot-blotting using antibodies toward Aβ (6E10) and the fibrillar conformational epitope (OC). *D*, semi-quantitative densitometry of the dot blots in *C* was performed in ImageJ (*n* = 4; \*, *p* = 0.021). *E*, SH-SY5Y cells expressing PrP^C^ were incubated for 90 min with pre-formed Aβ oligomers (200 n[m]{.smallcaps} total peptide) that had been pre-treated in the presence or absence of EGCG or resveratrol for 24 h. Fluorescence microscopy was used to detect biotin-Aβ oligomer/FITC-streptavidin conjugates bound to the cells (*scale bar*, 5 μm). *F*, quantitation of Aβ oligomer binding to cells was performed using ImageJ (*n* = 60 for each condition; \*\*\*, *p* \< 0.001). *G*, NB7 cells were incubated for 20 min at 37 °C with pre-formed Aβ oligomers (500 n[m]{.smallcaps} total peptide) that had been pre-treated in the presence or absence of EGCG or resveratrol for 24 h, relative to vehicle controls. Lysates were prepared and immunoblotted for Fyn, pSFK416, and β-actin. *H*, quantification of immunoblots for the amount of phospho-SFK normalized to Fyn kinase (*n* = 6; \*, *p* \< 0.05; *N.S.*, not significant). *I*, cytotoxicity of the remodeled Aβ oligomers was measured using the Multi-Tox Fluor^TM^ multiplex cytotoxicity assay. SH-SY5Y cells expressing PrP^C^ were incubated for 5 h at 37 °C in the presence of AβO (500 n[m]{.smallcaps} total peptide) that had been pre-treated in the presence or absence of EGCG or resveratrol for 24 h, relative to vehicle controls (*n* = 4; \*, *p* = 0.021; *N.S.*, not significant).](zbc0161344150010){#F10}

Samples of the EGCG- and resveratrol-treated Aβ oligomers were incubated with SH-SY5Y cells expressing PrP^C^, and cellular binding was determined. Fluorescence microscopy revealed that Aβ oligomers that had been treated with either EGCG or resveratrol displayed significantly reduced binding to the PrP^C^-expressing cells (50.8 and 54.8%, respectively) ([Fig. 10](#F10){ref-type="fig"}, *E* and *F*). As EGCG, albeit at a higher concentration (50 μ[m]{.smallcaps} and upwards) than used in our experiments, has been reported to promote the internalization of PrP^C^ ([@B51]), SH-SY5Y cells expressing PrP^C^ were incubated with EGCG or resveratrol in the absence of Aβ oligomers. Fluorescence microscopy revealed that neither EGCG nor resveratrol caused a reduction in the amount of PrP^C^ at the cell surface under these conditions (data not shown).

Next, we considered whether remodeling the oligomers would also disrupt the PrP^C^-mediated activation of Fyn kinase. Treatment of the oligomers with either EGCG or resveratrol prevented the Aβ oligomer-mediated activation of Fyn in the NB7 cells ([Fig. 10](#F10){ref-type="fig"}, *G* and *H*). Finally, the cytotoxicity of the EGCG- and resveratrol-remodeled Aβ oligomers toward SH-SY5Y cells expressing PrP^C^ was determined using the Multi-Tox Fluor^TM^ multiplex cytotoxicity assay. Treatment of the oligomers with either EGCG or resveratrol prevented the Aβ oligomer-mediated decrease in the live/dead cell ratio ([Fig. 10](#F10){ref-type="fig"}*I*). Together these data indicate that EGCG and resveratrol remodel soluble, fibrillar Aβ oligomers into a distinct nonfibrillar conformation that has a reduced propensity to bind to PrP^C^-expressing cells, is nontoxic, and is no longer able to activate Fyn.

DISCUSSION
==========

Recent studies have identified PrP^C^ as a critical modulator of the AD-related synaptic dysfunction and cognitive impairments caused by Aβ oligomers ([@B11], [@B17], [@B21], [@B42]). Here, we reveal details of the molecular and cellular mechanisms underpinning the PrP^C^-Aβ oligomer interaction and the resulting downstream cellular events. Our data indicate that the integrity of cholesterol-rich lipid rafts is critical for both the interaction of fibrillar Aβ oligomers with PrP^C^ and to mediate the activation of downstream Fyn kinase. We show that the PrP^C^-mediated binding and cytotoxicity of Aβ oligomers is dependent upon the transmembrane LRP1. We also reveal that Aβ oligomers disrupt the PrP^C^-mediated inhibition of BACE1 that normally dampens amyloidogenic processing. Finally, we show that disrupting the conformation of Aβ oligomers can prevent their PrP^C^-dependent binding and toxicity.

The conformation of Aβ oligomers is a key determinant of their biological functions ([@B28], [@B33]). Because Aβ oligomers are heterogeneous in size and morphology, understanding the relationship between PrP^C^ binding, cytotoxicity, and Aβ oligomer conformation is paramount. In a recent study, only levels of the soluble, fibrillar (OC-positive) oligomers were found to be elevated significantly in AD brains, where they correlated strongly with AD severity and the stage of the disease ([@B32]). Interestingly, these fibrillar Aβ oligomers were found at particularly high levels in regions of the brain (hippocampus, cortex, and olfactory bulb) that also have high physiological PrP^C^ expression ([@B52], [@B53]). Therefore, we prepared fibrillar, OC-positive Aβ oligomers and characterized them both biophysically and through the use of conformation-dependent antibodies, prior to studying their binding to PrP^C^. These fibrillar, OC-positive Aβ oligomers bound to both neuroblastoma cells and primary neurons in a PrP^C^-dependent manner. In addition, PrP^C^ was required for the downstream cytotoxicity of the fibrillar Aβ oligomers and the activation of Fyn kinase. Fyn kinase is an SFK that is implicated in multiple pathways that underlie AD ([@B54]), including mediating the toxicity of Aβ oligomers ([@B44]) and linking Aβ to Tau toxicity ([@B55]). While this work was under review, Um *et al.* ([@B46]) reported that the binding of Aβ oligomers to PrP^C^ activates Fyn and that activation of Fyn was required for *N*-methyl-[d]{.smallcaps}-aspartate receptor phosphorylation and cell surface distribution, dendritic spine loss, and LDH release.

The GPI-anchored PrP^C^ is localized to cholesterol-rich lipid raft microdomains of the plasma membrane ([@B13]). Cholesterol depletion disrupts these rafts with PrP^C^ being redistributed into non-raft regions of the membrane ([@B40]). Interestingly, we found that disruption of the rafts caused a significant (80%) reduction in Aβ oligomer binding to the cells and prevented the activation of the Fyn kinase. The intracellular signaling from PrP^C^ is known to be dependent on the integrity of lipid rafts ([@B56]), and our data clearly indicate that not only the downstream signaling mechanisms but also the binding of the oligomers to PrP^C^ is dependent on the integrity of the raft microdomains. This would also be consistent with the observation that toxic signaling of Aβ oligomers via PrP^C^ requires its GPI anchorage ([@B21]).

Other ligands such as Cu^2+^ ([@B40]) and stress-inducible protein 1 ([@B57]) promote the endocytosis of PrP^C^. Thus we hypothesized that Aβ oligomers would also promote the endocytosis of PrP^C^. Indeed, the Aβ oligomers co-internalized with PrP^C^ from the cell surface and then trafficked to endosomes and lysosomes. A previous study showed that Aβ oligomers are taken up by endocytosis and traffic to endosomes and lysosomes and that blocking their internalization ablates toxicity ([@B58]). In contrast to our data, a recent study found that Aβ oligomers caused a rapid increase in cell surface PrP^C^ and inhibited its endocytosis ([@B59]). However, the Aβ oligomers used by Caetano *et al.* ([@B59]) were not characterized either biophysically or immunologically and were used at a significantly higher concentration. The trafficking of PrP^C^ has been shown to occur via multiple mechanisms that can vary between cell types ([@B56]), and it is possible that different Aβ oligomer preparations may have differential effects on these systems.

Critically, we reveal that the PrP^C^-mediated binding, toxicity, and subsequent internalization of Aβ oligomers are dependent upon LRP1. LRP1 is one of the largest members of the low density lipoprotein receptor family and is highly expressed in neuronal cells ([@B60]). LRP1 is a transmembrane protein that facilitates the clathrin-mediated endocytosis of PrP^C^ ([@B48]) and that has previously been implicated in the neuronal uptake of Aβ oligomers ([@B61], [@B62]). Although LRP1 resides largely in non-raft regions of the plasma membrane, it is known to interact transiently with lipid rafts ([@B63]). Our data indicate that LRP1 functions as a transmembrane co-receptor that is involved in the Aβ oligomer-PrP^C^ interaction and is required for their internalization. Because the first observation that the GPI-anchored PrP^C^ was a receptor for Aβ oligomers ([@B11]), it has been postulated that there is a transmembrane co-receptor required to connect the binding of the oligomers on the outer surface of the plasma membrane with downstream effects inside the cell ([@B64]). However, the identity of such a transmembrane co-receptor has remained elusive. Our observation that LRP1 is required for both the internalization and cytotoxicity of the Aβ oligomers indicates that LRP1 is a likely candidate for such a transmembrane co-receptor.

Emerging evidence suggests that PrP^C^ interacts with other membrane proteins to generate lipid raft-based signaling complexes ([@B65]). An antibody blocking approach was used to demonstrate that Aβ oligomers co-localize with PrP^C^, mGluR5, and *N*-methyl-[d]{.smallcaps}-aspartate receptors at the synapse ([@B66]). Upon binding, the Aβ oligomers promoted the clustering of the cell surface proteins and decreased their lateral movement in the membrane. Here, we show that Aβ oligomers also promote the clustering of PrP^C^ with LRP1. These data suggest that Aβ oligomers induce the formation of a lipid raft-based multiprotein receptor complex that is critical to the binding, toxicity, and metabolism of the oligomers and that PrP^C^ and LRP1 are key structural and functional components of this signaling complex ([Fig. 11](#F11){ref-type="fig"}). The small molecule RAP blocks the interaction of LRP1 with its ligands, including PrP^C^. However, the fact that RAP does not block the binding of Aβ oligomers to cells suggests that the majority of the Aβ oligomers do not bind directly to LRP1 but rather to another component (PrP^C^) in the raft-based multiprotein receptor complex. It is the interaction between LRP1 and PrP^C^ that is disrupted by RAP and blocks the downstream cytotoxicity and internalization of the oligomers.

![**Putative model of fibrillar Aβ oligomers binding to PrP^C^ in lipid rafts.** *A*, in the healthy brain, PrP^C^ is involved in neuroprotective signaling ([@B72]). *B*, in AD, fibrillar Aβ oligomers bind to PrP^C^ and the transmembrane LRP1, promoting their clustering in cholesterol-rich lipid rafts, activation of Fyn kinase, and neurotoxicity. Remodeling the conformation of the oligomers using EGCG or resveratrol prevents their PrP^C^-dependent binding and toxicity.](zbc0161344150011){#F11}

Previously, LRP1 has been reported to mediate the neuronal uptake of monomeric Aβ(1--42) ([@B61], [@B62]), and a recent study revealed that PrP^C^ mediates the transcytosis of monomeric Aβ(1--40) across the blood-brain barrier ([@B67]). PrP^C^ bound Aβ(1--40) in the low picomolar range, and both PrP^C^ knockdown and anti-PrP^C^ antibodies reduced significantly Aβ clearance in a blood-brain barrier model ([@B67]). Although PrP^C^ was found to co-immunoprecipitate with LRP1, RAP treatment did not affect the PrP^C^-mediated transcytosis of Aβ ([@B67]). Although these earlier studies used monomeric preparations of Aβ, while we focused on the neurotoxic oligomeric form, these findings corroborate our data identifying LRP1 as an important co-factor in the PrP^C^-mediated binding of Aβ.

The ability of Aβ oligomers to stimulate the endocytosis of PrP^C^, thus lowering its cell surface expression, raised the possibility of secondary effects on the physiological functions of cell surface PrP^C^. We have reported previously that PrP^C^ negatively regulates Aβ production through the inhibition of the β-secretase, BACE1, in part through an interaction at the cell surface that is dependent on glycosaminoglycans ([@B24]). Therefore, we explored whether the binding of the Aβ oligomers to PrP^C^ and their subsequent internalization would disrupt the PrP^C^-mediated inhibition of BACE1. The fibrillar Aβ oligomers impaired the ability of PrP^C^ to inhibit BACE1, thus increasing the amyloidogenic processing of APP. These data agree with the model that we proposed previously whereby, in AD, Aβ oligomers bind to PrP^C^ and disrupt its ability to inhibit BACE1, in turn increasing Aβ levels ([@B26]). Thus, in the AD state, PrP^C^ is no longer protective but contributes to Aβ oligomer neurotoxicity and further Aβ production in a toxic, positive feedback loop. Interestingly, the interaction of PrP^C^ with BACE1 ([@B24]) and the interaction of PrP^C^ with LRP1 ([@B40], [@B48]) are both dependent upon the polybasic N-terminal sequence (KKRP) of PrP^C^. This same region has recently been identified as a crucial determinant of PrP^C^-mediated Aβ oligomer binding and toxicity. Surface plasmon resonance studies showed that deletion of the N-terminal first five residues of PrP^C^ caused a significant (∼8-fold) reduction in Aβ oligomer binding ([@B14]), and the deletion of the N terminus blocked the toxicity of synthetic and natural Aβ oligomers ([@B21]). Thus, this region appears to be critical to a number of functions of PrP^C^, although its role in protective functions ([@B24], [@B38], [@B68], [@B69]) raises questions as to whether targeting the interaction of this region with Aβ oligomers would be a viable approach for the treatment of AD.

To explore the importance of the conformation of the Aβ oligomers in the PrP^C^-mediated binding and cytotoxicity, we used EGCG and resveratrol to remodel the fibrillar epitope. Although both of these compounds have been shown previously to remodel prefibrillar oligomers ([@B34], [@B35]), only resveratrol has been reported to remodel soluble, fibrillar oligomers ([@B34]). The remodeled, nonfibrillar Aβ oligomers displayed significantly reduced binding to, and were nontoxic toward, PrP^C^-expressing cells. To our knowledge, this is the first demonstration that the binding of amyloid oligomers to a specific cellular receptor (PrP^C^) can be prevented by remodeling the oligomer conformation. Our results demonstrate that the conformation of fibrillar Aβ oligomers is a critical determinant of their PrP^C^-mediated binding and subsequent toxicity ([Fig. 11](#F11){ref-type="fig"}*B*) and adds further weight to the proposition that disrupting the conformation of Aβ oligomers is a potential therapeutic approach for AD ([@B70]). It should be noted that the relatively high concentrations of EGCG and resveratrol used in this study are unlikely to be therapeutically attainable, especially in the brain, but lower levels may still be capable of remodeling oligomers sufficiently to disrupt their binding to PrP^C^.

We have focused our attention on the interaction of fibrillar Aβ oligomers with PrP^C^, as these oligomers most closely correlate with AD ([@B32]). Although fibrils have been reported not to bind to PrP^C^ ([@B11], [@B14]), our data do not rule out the possibility of other Aβ oligomers binding to PrP^C^. It has been reported that various β-sheet-rich structures bind to PrP^C^, including Aβ oligomers and short synthetic peptides ([@B21]). In this case, the A11 antibody, which recognizes pre-fibrillar oligomers, was found to block the toxic signaling of Aβ oligomers through PrP^C^ suggesting that pre-fibrillar Aβ oligomers may also exert toxicity in a PrP^C^-dependent manner. However, it should be noted that the A11 antibody has previously been shown to recognize a cytosolic form of PrP^C^ ([@B71]), raising the possibility that its direct binding to PrP^C^ may have prevented oligomer binding and the subsequent toxicity.

Our data demonstrating the importance of oligomer conformation upon biological activity, underline the importance of using well defined Aβ oligomer preparations and potentially explain the discrepancies in results showing a lack of PrP^C^-dependence of Aβ oligomer toxicity, as different studies have employed distinct, often poorly characterized Aβ oligomer preparations or unnatural APP constructs which may not lead to the generation of biologically relevant Aβ oligomers ([@B19], [@B20], [@B22]).

In conclusion, our data show that the cytotoxicity of the fibrillar Aβ oligomers following their binding to PrP^C^ requires both the integrity of lipid rafts and the transmembrane LRP1. Also, the toxicity of fibrillar Aβ oligomers can be prevented by natural, small molecules such as EGCG and resveratrol which remodel the fibrillar Aβ oligomer conformation and reduce PrP^C^-mediated binding. These data identify novel molecular and cellular mechanisms that may be therapeutic targets to prevent the neurotoxicity of Aβ oligomers in AD.
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